[1] This study used the Biome Biogeochemical Cycles (Biome-BGC) process model to simulate boreal forest dynamics, compared the results with a variety of measured carbon content and flux data from two boreal chronosequences in northern Manitoba, Canada, and examined how model output was affected by water and nitrogen limitations on simulated plant production and decomposition. Vascular and nonvascular plant growth were modeled over 151 years in well-drained and poorly drained forests, using as many sitespecific model parameters as possible. Measured data included (1) leaf area and carbon content from site-specific allometry data, (2) aboveground and belowground net primary production from allometry and root cores, and (3) flux data, including biometry-based net ecosystem production and tower-based net ecosystem exchange. The simulation used three vegetation types or functional groups (evergreen needleaf trees, deciduous broadleaf trees, and bryophytes). Model output matched some of the observed data well, with net primary production, biomass, and net ecosystem production (NEP) values usually (50-80% of data) within the errors of observed values. Leaf area was generally underpredicted. In the simulation, nitrogen limitation increased with stand age, while soil anoxia limited vascular plant growth in the poorly drained simulation. NEP was most sensitive to climate variability in the poorly drained stands. Simulation results are discussed with respect to conceptual issues in, and parameterization of, the Biome-BGC model. 
Introduction
[2] The large area, high soil carbon content, and projected warming of the circumpolar boreal forest emphasize the importance of studying boreal carbon and nitrogen cycles [Apps et al., 1993; Schulze et al., 1999; Gower et al., 2001; Schimel et al., 2001] . Elucidating the links between fire, soil drainage and temperature, and carbon and nutrient cycling will require a range of scientific techniques, including biometry-based inventories, CO 2 flux measurements using both chamber and eddy covariance methods, and computer modeling [Stocks et al., 1996; Running et al., 1999; Wan et al., 2001; Wirth et al., 2002] .
[3] The chronosequence approach, a space-for-time substitution, is useful for studying changes in ecosystem structure and function during succession [Powers and Van Cleve, 1991] , but controlling site-to-site variability, and ensuring that such variability is not mistakenly identified as temporal change, can be difficult. Computer modeling complements field data by identifying key parameters that strongly influence ecosystem structure and function, and testing processes under changing environmental conditions; field measurements can identify weaknesses in the model. Researchers need to quantify a model's performance at a local scale, and over the entire life of a forest stand, before expanding the spatial area under consideration [Amthor et al., 2001; Luckai and Larocque, 2002] .
[4] The goal of this study was to compare simulated forest dynamics to field measurements from well-drained and poorly drained boreal chronosequences in Manitoba, Canada. These chronosequences encompass the mean fire return interval for the region, have been extensively studied, and are representative of a larger group of stands samples throughout central Manitoba [Bond-Lamberty et al., 2004] . The goals of this study were to (1) simulate both vascular and nonvascular plant growth and forest succession in well-drained and poorly drained boreal stands, using the process model Biome-BGC, and compare model output to a variety of field data; and (2) examine how model output was affected by water and nitrogen limitations on simulated plant production and decomposition. Simulation results are discussed with respect to conceptual issues in, and parameterization of, the model.
Methods

Site Descriptions
[5] The study was conducted in a black spruce (Picea mariana (Mill.) BSP)-dominated wildfire chronosequence west of Thompson, Manitoba, Canada, near the BOREAS Northern Study Area (55°53 0 N, 98°20 0 W). The chronosequence consisted of seven different-aged forests, all of which originated from stand-killing wildfire; the oldest stand in the chronosequence (151 years) is the BOREAS NSA tower site [Sellers et al., 1997] . Poorly drained and well-drained stands were located in each different-aged forest. The stands have been extensively studied and differed in their species mix and leaf area [Bond-Lamberty et al., 2002b] , canopy transpiration [Ewers et al., 2005] , carbon Manies et al., 2005] and nitrogen [Bond-Lamberty et al., 2006] distribution, and net primary and ecosystem production Goulden et al., 1998; Litvak et al., 2003; Bond-Lamberty et al., 2004] .
[6] The stands were dominated by three tree species: trembling aspen (Populus tremuloides Michx) and jack pine (Pinus banksiana Lamb.) in the younger well-drained stands, and black spruce, the climax vegetation type, in the older stands. In the well-drained stands, the black spruce canopy closure, at 50-60 years, is associated with drastic thinning of the understory and growth of thick feather mosses (usually Ptilium, Pleurozium or Hylocomium spp.); in the poorly drained stands, the canopy remains open, with black spruce, Labrador tea (Ledium groenlandicum Oeder), and Sphagnum spp. dominating production; jack pine can be found on well-drained hummocks. This succession pattern is typical of much of the western North American boreal forest [Viereck, 1983] .
[7] Study sites were carefully selected to minimize differences in soil type. Moderately drained montmorillonite clays classified as Gray Luvisols (Boralfs) dominated the uplands; the poorly drained stands' soils were Terric Fibrisols and Terric Humisols (Terric Cryofibrists and Terric Cryosaprists), associated with Luvic Gleysols (Aqualfs), Terric Fibric Organic Cryosols, and Terric Humic Organic Cryosols (Terric Fibristels and Terric Sapristels). Discontinuous permafrost occurred at 75-100 cm.
Model Description
[8] Biome-BGC is a process-based ecophysiological model that uses daily meteorological data, ecophysiological parameters, and general stand soil information to simulate energy, carbon (C), water, and nitrogen (N) cycling [Running and Hunt, 1993; White et al., 2000] . Leaf area index controls canopy radiation absorption; a Farquhar model simulates photosynthesis, with CO 2 and water vapor diffusivity that are functions of vapor pressure deficit, temperature, and water limitations [Running and Coughlan, 1988] . Ecophysiological parameters define vegetation types, descriptions based on leaf habit, photosynthesis pathway, plant type, etc., that are intended to be broadly significant. The version of Biome-BGC used here was based on the 4.1.2 version but extensively modified. These changes allowed Biome-BGC to simulate multiple vegetation types concurrently, allowing for succession as well as understory/overstory dynamics , more accurately track boreal soil temperatures, and account for the deleterious effects of poor soil drainage on soil decomposition and vascular plant growth, while simulating nonvascular (bryophyte) plant growth (B. Bond-Lamberty et al., Improved simulation of poorly drained forests using Biome-BGC, submitted to Tree Physiology., 2006) (hereinafter referred to as Bond-Lamberty et al., submitted manuscript, 2006) .
[9] Water and nitrogen (N) strongly control plant growth both in the boreal forest and most ecophysiological models [Hobbie et al., 2002; Liu et al., 2005] . In the version of Biome-BGC used here, soil water inflow is a function of daily precipitation and a parameter that determines how much additional water will arrive via lateral inflow for every unit of precipitation [cf. Zhang et al., 2002] . Water leaves the soil pool via surface and groundwater outflow, transpiration, and evaporation from the soil surface (B. BondLamberty, submitted manuscript, 2006) . No vertical soil processes or differentiation is recognized. Nitrogen enters the system via deposition or fixation, both fixed-rate processes that occur irrespective of plant activity or meteorological conditions. It is lost via fire (a fixed-rate process), leaching (a function of water outflow), and denitrification: On each day, a fixed proportion of excess mineral N (not required for plant growth or microbial growth) is lost. Autotrophic production is constrained via both available soil N (as compared to plant N requirement for growth) and leaf N (which scales down the maximum Rubisco carboxylation capacity). N mineralization is constrained by soil temperature and water content. Other inner processes and logic of Biome-BGC have been discussed in detail previously [Running and Coughlan, 1988; Running and Gower, 1991; Kimball et al., 1997; Bond-Lamberty et al., 2005] and are not discussed here.
Assessing Error and Simulated-Observed Agreement
[10] The ensembling method of Thornton et al. [2002] was used to quantify and remove the effects of interannual climate variability in all simulations. This factors out the relative timing of disturbance (here wildfire, just before the beginning of the simulation) vis-à-vis climate variation by taking the mean of an ensemble of simulations, with each commencing at a different year in the meteorological data file. The effect of climate variability on any output variable was computed as the coefficient of variability, equal to the standard deviation divided by the mean (N = 20). Percentages given in the results refer to this term (labeled CV MET below). Simulated and observed results were compared by (1) computing the percentage of points for which the simulated interannual error, computed as described above, fell within measured plot-to-plot (spatial) error, and (2) examining linear regressions between simulated and observed data. Regression performance was assessed using adjusted R 2 , residual distribution, and by testing for zero intercept and 1:1 slope lines.
Model Data Sources: Site, Soil, and Meteorological Parameters
[11] Site-specific parameters (Table 1 ) follow values of Bond-Lamberty et al. (submitted manuscript, 2006) , which were based on work by Amthor et al. [2001] and Kimball et al. [1997] . A time series of atmospheric carbon dioxide (CO 2 ) [Etheridge et al., 1998 ] from 1851 to 2001 was used instead of a fixed value. Nitrogen deposition was scaled by Biome-BGC using the variable atmospheric CO 2 values; its beginning and end values in Table 1 are not site-specific, but are typical of low-to medium-deposition values in the Canadian boreal forest [Landsberg and Gower, 1997; Moore et al., 2004] , as is the N fixation value [Landsberg and Gower, 1997; DeLuca et al., 2002] .
[12] Initial site carbon and nitrogen conditions were set to mimic those of a mature boreal black spruce forest after standkilling wildfire: generally, observed values from the youngest stand in the chronosequence. EN coarse woody debris values were set to 1.0 and 0.1 kg C m À2 in the well-drained and poorly drained sites, respectively [Bond-Lamberty et al., 2002a] . We assumed complete volatilization of fine litter in fire [Stocks and Kauffman, 1997; Wang et al., 2003] . For the well-drained simulation we used the same value for initial soil C (8.7 kg C m
À2
, with the four soil pools containing 0.0, 0.2, 2.0, and 6.5 kg C m À2 ) as reported by Kimball et al. [1997 Kimball et al. [ , 2000 ; the poorly drained simulation's values were set at twice this value (17.4 kg C m À2 total).
[13] The primary source of meteorological forcing data was data from the NCEP/NCAR Reanalysis Project [Kalnay et al., 1996; Kistler et al., 2001] ; data for the BOREAS NSA from 1980 to 1999 were used here. These 20 years' data were repeated to fill out the 151-year simulation performed here. Site-specific surface meteorological and radiation data collected during BOREAS, as well as micrometeorological stations in each chronosequence stand, were used to check that the NCEP/NCAR data accurately represented local conditions .
Model Data Sources: Plant Ecophysiological Parameters
[14] Three vegetation types were simulated: evergreen needleleaf (abbreviated EN, primarily P. mariana in the chronosequence), deciduous broadleaf (DB, primarily P. tremuloides), and bryophytes (BRY; here we do not distinguish between upland feathermosses and lowland Sphagnum spp). Plant ecophysiological parameters are summarized in Table 2 . We used values given by Bond-Lamberty et al. (submitted manuscript, 2006) , with a few exceptions. Stomatal restriction due to flooding was set to 20-30% (cf. B. Bond-Lamberty et al., submitted manuscript, 2006). Fine root allocation for EN was set to 0.7 on the basis of site-specific production data [Bond-Lamberty et al., 2004] (fine root NPP divided by leaf NPP). Bryophyte leaf turnover was computed from site-specific biomass and net primary production data Bond-Lamberty et al., 2004] . We know of no study reporting bryophyte specific leaf area, and used a value (20 m 2 kg C
À1
) intermediate between the EN and DB values. Bryophytes do not have true roots, but rather small rhizoids; fine root allocation was set to a very low value (0.05) to reflect this. Other bryophyte values (full turgor water content of 5.0; 50% external water; etc.) followed B. Bond-Lamberty et al. (submitted manuscript, 2006) .
Results
[15] Simulated biomass (stem mass for trees, leaf mass for bryophytes) generally matched observed data in the well-drained stands (62% of simulated data within observed error; Figure 1a ). Agreement between simulated and measured data was poorer in the poorly drained simulation (14% within observed error, Figure 1b) ; in particular, simulated EN biomass in the oldest stand was significantly (3.1 versus 1.4 kg C m À2 ) higher than that observed by Wang et al. [2003] . Interannual meteorological variability (CV MET ) for biomass was 10 -25% of the mean in the well-drained stands and 2 -4% in the poorly drained stands; DB in the well-drained stands was the exception (CV MET = 118%). Leaf area index (LAI) was underestimated by Biome-BGC for the two oldest well-drained stands (by $25%), while the poorly drained stand data were matched more closely (data not shown). Biome-BGC simulated peak overstory LAI at ages 47 and 45 years for the well-drained and poorly drained stands, respectively. No bryophyte LAI data were available to check simulated bryophyte LAI, which climbed to $3 in the well-drained stand and $6 in the poorly drained stand. An overall assessment of model performance is shown in Table 3 .
[16] Simulated net primary production (NPP) of trees with evergreen needleleaf foliage (EN) tracked observed data from the chronosequence over 151 years (the age of the oldest chronosequence stand; Figure 2 ). Simulated NPP of trees with deciduous broadleaf foliage (DB) matched field data from the very young stands, but Biome-BGC simulated the replacement of DB by EN prematurely (at $40 years versus $60 observed). Simulated bryophyte (BRY) NPP generally fell within observed variability of field measurements; one conspicuous exception was the 20-year-old poorly drained stand (Figure 2b) , discussed further below. The CV MET of annual NPP was 30-300% at the beginning of the simulation (early in succession), and 10-60% at the end. The NPP of deciduous broadleaf trees (DB) was much more sensitive to climate variability than were EN or BRY NPP in the well-drained stands (CV MET = 148% versus 25% and 21%, respectively; data not shown).
[17] Biome-BGC simulated a negative (source to atmosphere) net ecosystem production (NEP) immediately after stand-killing wildfire, and a maximum sink of 74.8 and 72.1 g C m À2 yr À1 in the well-drained and poorly drained stands, respectively, followed by a long gradual decline. Simulated NEP matched observed values in 80% of the stands (Figure 3) . Simulated NEP was closer to the tower values for the first half of the chronosequence, and closer to the values determined by biometry in the oldest stands. In general, tower-based NEP was higher (more of a carbon sink) than was biometry-based NEP, but the two agreed with each other well, and simulated values fell within the computed errors of each. Only biometry measurements were performed in the poorly drained sites, and here simulated NEP matched the observed measurements well (Figure 3b) , except in the 20-year-old poorly drained stand.
[18] Simulated NEP was affected more by interannual meteorological variability for the poorly drained chronosequence (mean CV MET over 151 years of 74%) than for the well-drained one (32%). The degree to which NEP was affected by the climate data varied with stand age (Figure 4 ). In the younger stands (<$60 years) the well-drained simulation was more sensitive to climate variability; after this point, NEP of the poorly drained stands was much more strongly affected by climate. In particular, the oldest stands were quite vulnerable to changes in climate, particularly rainfall (CV of 81% and 116% for the well-drained and poorly drained simulations, respectively).
[19] Nitrogen limitation on plant photosynthesis increased with stand age for the well-drained and poorly drained simulations; only $60% of plant demand was satisfied in the oldest stands ( Figure 5 ). Nitrogen pools generally tracked observed biomass data [Bond-Lamberty et al., 2006] , although because LAI was underestimated, simulated stand N was also low (data not shown). The simulated well-drained stand experienced frequent water constraints, with low leaf water potential triggering stomatal closure; the mean constraint was 50-60% in the oldest stands. The oldest poorly drained stands also experienced some occasional water stress (solid lines in Figure 5 ). Conversely, anaerobic soil conditions were never a factor in the well-drained stands, but strongly limited stomatal conductance and decomposition in the poorly drained stands. Both vascular and nonvascular plants can be negatively affected by soil flooding in this version of Biome-BGC (B. Bond-Lamberty et al., submitted manuscript, 2006), but the bryophytes never experienced reduced photosynthesis due to slow CO 2 diffusion through water (data not shown).
Discussion
[20] These chronosequences discussed here have been shown to be representative of a large group of regional stands [Bond-Lamberty et al., 2004] , but there is no guarantee that any process model, however perfectly parameterized and flawless its internal logic, could replicate each chronosequence member correctly; site selection may be incorrect, and species successional patterns tend to vary in younger stands [Viereck, 1983] . Thus this discussion in general does not focus on why particular stands in the chronosequence were ''missed'' by the model.
Model Performance Across the Chronosequence
[21] Biome-BGC's simulated NPP, biomass, and NEP were usually within the errors of observed values, within the broader range of black spruce stands examined in the region by Bond-Lamberty et al. [2004] , and consistent with data from other studies in these stands Harden et al., 1997; Goulden et al., 1998; Litvak et al., 2003] and Alaska Zhuang et al., 2003] . Many commonly observed forest dynamics were seen in the simulations: net primary and ecosystem production declined after early peaks (Figures 2 and 3) ; bryophyte growth in the well-drained stands increased with increasing overstory leaf area; early successional deciduous trees gave way to evergreens (Figure 1 ). NPP and biomass were better predicted in the well-drained than in the poorly drained stands, although NEP was well predicted in both chronosequences (Table 3) .
[22] In several cases, simulated and observed data diverged significantly. First, the extremely high bryophyte NPP and thus NEP of the 20-year-old poorly drained stand could not be replicated by the model (Figure 2) . We argue that this is more a failure of chronosequence site selection than of model function: bryophytes in this version of Biome-BGC are capable of up to $500 g C m À2 yr
À1
NPP (data not shown), well within the observed range, given enough water and lack of competition. However, such a stand would never develop the large tree biomass seen in the oldest poorly drained stands (Figure 1) . The 20-year-old poorly drained ''stand'' is probably better termed a peatland, given its perennial flooded status and lack of trees , characteristics that set it apart from the other chronosequence sites.
[23] Leaf area constituted a second problem. Biome-BGC could not replicate the EN leaf area of the oldest stands (data not shown); given how well NPP and NEP were simulated, this may suggest a problem with the internal leaf productivity and respiration parameters used in the model. In addition, we had no data on bryophyte LAI in these stands, and were unable to evaluate Biome-BGC's performance in this regard. Biomass data imply projected LAI values of 3 -5 for the oldest chronosequence stands, if 50% of the measured biomass is leaf (at least for species such as Pleurozium schreberi; Sphagnum spp. would be almost entirely leaf) with a specific area of 20 m 2 kg À1 C (see Table 2 ). This suggests that bryophyte LAI was also underestimated by the model.
Implementation of Nitrogen Cycling in Biome-BGC
[24] The limiting role of nitrogen in the simulations ( Figure 5 ) is consistent with its known importance in boreal systems [Landsberg and Gower, 1997; Schlesinger, 1997; Hobbie et al., 2002] . Biome-BGC uses static N fixation and deposition that belie the complexity of observed N dynamics in boreal forests [Chapin, 1983; DeLuca et al., 2002; Zackrisson et al., 2004] , where the successional appearance and growth of both vascular [Vogel and Gower, 1998 ] and nonvascular [DeLuca et al., 2002] species strongly affect nitrogen cycling dynamics. It is in this regard that Biome-BGC's nitrogen cycle is the least realistic, with potentially the greatest impacts on model output, as the model can be quite sensitive to these parameters [White et al., 2000] . Plant growth, peat formation, and other organic matter transformations can result in significant N immobilization [Aerts et al., 1999] . Biome-BGC decomposition is now retarded by excess moisture (B. Bond-Lamberty et al., submitted manuscript, 2006) , but other factors important in boreal systems, for example, a seasonally changing soil active layer, are not simulated. This would have been a particular problem in the simulated poorly drained areas (see below).
Modeling Stand-and Landscape-Level Carbon Cycling of Boreal Forests
[25] The simulation data presented here suggest a number of critical areas for biogeochemical process models that are increasingly used to model landscape-level dynamics. Although evergreen needleleafs such as Picea mariana dominate the North American boreal forest, broadleaf deciduous trees are a significant component. In this study the interannual variability of deciduous NPP was much higher than that of evergreen or bryophyte NPP. Such interannual variability has been observed using eddy covariance flux towers [Black et al., 1996; Arain et al., 2002] and has implications for the realistic simulation of boreal forest dynamics, particularly under changing climate conditions and increases in boreal wildfire frequency [Kasischke and Stocks, 2000] .
[26] In addition, interannual meteorological variability generally affected simulated NEP more strongly in the poorly drained stands than in the well-drained ones (Figure 4) . The dynamics seen in this figure are the product of three effects: (1) the dominance of bryophytes in the poorly drained stands, which are vulnerable to desiccation in dry years; (2) the fragile growing conditions early in the simulation, when even small changes in meteorological conditions greatly affected the simulated tiny plants; and (3) high canopy transpiration in the older stands, which drew down soil water, thus rendering the system more vulnerable to meteorological variability. In spite of improvements (B. Bond-Lamberty et al., submitted manuscript, 2006), Biome-BGC's simple hydrology means that it remains much stronger simulating upland than lowland systems.
[27] In the context for forest carbon cycling, this implies that, over time, many simulated poorly drained areas may be highly sensitive to climate change, given their large carbon stores and delicate hydrology. Many field studies have also posited that understanding the dynamics of poorly drained systems is critical to evaluating the effects of climate change on northern ecosystems [Van Cleve et al., 1986; Freeman et al., 2001; Turetsky et al., 2002] , particularly given the large carbon storage of such systems and their importance in global carbon cycling [O'Neill, 2000] . Modeling studies tend to focus on welldrained upland systems [Kimball et al., 2000; Luckai and Larocque, 2002; Potter, 2004] , and most process models used to simulate forest biogeochemical cycles do not deal adequately with the unique characteristics of poorly drained ecosystems [Trettin et al., 2001] . All these factors argue for improved measurement and simulation of poorly drained areas.
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